ABSTRACT In this paper, a new wideband series-fed antenna array is proposed and analyzed. The antenna array structure consists of two antennas with two ports, two antennas with one port, and a wideband 180 • coupler. A portion of power is propagated by the antenna with two ports, and the rest is propagated by the antenna with one port. A new wideband 180 • coupler is designed in order to make the feed structure as compact as possible and to be integrated with the antenna array. Due to using elements with wideband structure, the overall antenna is wideband with measured bandwidth of 40% with reflection coefficient of 10 dB and 3 dB gain deviation from 3.85 to 5.75 GHz. The measured peak gain of 13.4 dBi has been achieved for the proposed 1 × 4 antenna array. The measured results shows that the efficiency is better than 87% and side lobe level at the frequencies of 4.6 and 5.4 GHz are, respectively, nearly −14 and −12 dB.
I. INTRODUCTION
Nowadays planar antennas have extensively been used in many applications due to their light weight, relatively inexpensive price, low profile and ease of fabrication [1] - [3] . In this context, in recent years, considerable efforts have been devoted to solve some disadvantages of conventional planar structures, such as their low efficiency due to conductor and dielectric losses, narrow impedance bandwidth, relatively low gain, and poor polarization purity [4] - [7] . Although planar antennas can be used in systems with stringent requirements, they might present challenges especially in terms of efficiency for array antennas.
At the same time many attempts have put into increasing the bandwidth of the antenna, but this is still challenging in many application. Aperture coupled antennas may be a solution in wide bandwidth application due to their interesting characteristics such as isolating spurious feed radiation due to existence a ground plane between patch and feed line, in addition to wide bandwidth [8] - [11] . However, they have a low front to back ratio.
For array antenna structures, using corporate feeding network is a common approach in which a conventional Wilkinson power divider can be used to realize certain amplitudes of power to a single antenna. Although this technique allows the antenna array to have in-phase excitation of each element in a wide bandwidth, it has low efficiency due to dissipation losses within large feeding network [12] . In order to decrease the dissipation losses, a series feeding network can be utilized [13] , [14] . This configuration in addition to providing simple and miniaturized feeding network [15] , [16] enhances antenna efficiency, because the length of feeding network is significantly reduced with respect to conventional corporate feed counterparts [13] - [17] . Besides, it can reduce the unwanted coupling between radiating elements and feeding network [18] . Using series-fed antenna array structures causes a shift in radiation patterns versus frequency which may cause a problem in some applications [19] - [21] . To avoid a beam tilt over a desired frequency range, an antenna array with two sides can be designed while both sides are excited by signals with the same amplitude and 180 • phase difference over the range of frequency [22] .
In this paper, design and analysis of a series-fed aperture coupled array is presented. Aperture coupled antennas provides relatively wide bandwidth. In addition, series feeding network provides high efficient and compact structure. The proposed antenna array is comprised of two antennas with two ports, two antennas with one port, and a wideband 180 • coupler. All other components are designed to be wideband in order to have a wideband antenna array. The power entered into the antenna array is equally divided by two with 180 • phase difference using an 180 • coupler. The coupler is designed based on coupled line transmission lines which helps the structure to be compact and wideband. A portion of power is propagated into free space by the aperture coupled with two ports and the rest is propagated by the antenna with one port. Adjusting the transmitting power of antenna with two ports provides a control on peak gain and side lobe level. The measured reflection coefficient shows that an impedance matching is perfect over a large range of frequencies. Also, the maximum gain and efficiency of the antenna array are 13.4 dBi and 87% respectively. The side lobe level at the frequencies of 4.6 and 5.4 GHz are respectively about −14 and −12 dB. 
II. ANTENNA CONFIGURATION AND DISCUSSION
The proposed compact and high efficient antenna is shown in Fig. 1 . This configuration of series-fed antennas consists of 2n antenna elements which 2(n − 1) of them are two-port antennas (antenna II) and last antenna elements in both sides are one-port antenna (antenna I). Since the antenna array is fed from two symmetrical sides, an 180 • coupler is needed in order to make the elements in-phase at both side of the array and keep the pattern at broadside direction over the operating bandwidth. The coupler divides the input signal between two ports with equal amplitude and 180 • phase shift over the full operating bandwidth. When the signal enters antenna II, a portion of that is propagated by its radiator, and the rest is transmitted to its output port (second port) which is the input port of next element. This continues till last portion of signal is propagated by antenna I which has just one port.
It is possible to extract a circuit model for the antenna structure [23] - [25] . All two-port antennas can be considered as a two-port network with reflection coefficient, S 11 and transmission, S 21 responses. Inside each two-port network, some power is propagated into the space by the antenna. When the loss in the system is neglected, the power entered into each two-port network can be considered as reflected, transmitted to second port or propagated by the antenna element and thus we have,
which A is coupling propagation factor; the amount of power coupled to the antenna and propagated into the space. Further, when two-port network is designed to have no reflection (S 11 = 0), the power entered either propagates or transmits to the second port, hence,
Although (2) is correct when the loss and reflection coefficient are neglected, it provides a reasonable approximation. Using (2), the powers propagated by elements #1, #2, #3,
, respectively. With the assumption of same radiator for antenna I and Antennas II, the array factor is obtained as,
which α k is the phase delay that is occurred between antennas #k − 1 and #k, for k = 2, 3, . . . , n and,
An interesting result of (3) is that the array factor depends on transmission response of antennas II.
For the purpose of illustration, a four-element antenna array with centre frequency of 5 GHz is designed in this paper. In subsections below, the elements in proposed structure with 4 elements are discussed in detail.
A. COMPACT BROADBAND 180 • COUPLER
A choice for 180 • coupler can be a rat-race coupler. But, this coupler has large size and limited bandwidth [26] . Here, we propose an 180 • coupler based on coupled lines phase shifter [27] and with broad bandwidth and relatively compact size. This coupler consists of a Wilkinson power divider and a proposed 180 • Schiffman phase shifter. In [27] , Schiffman proposed a broadband compact 90 • phase shifter which mainly contains a coupled line and a single line as shown in Fig. 2(a) . In this figure, Z e and Z o are respectively These phase shifters occupy small space and are broadband with simple structure. For general structure of Schiffman phase shifter shown in Fig. 2(a) , the key parameters are θ c = λ 0 /4, θ L = 3λ 0 /4 which λ 0 is wavelength at center frequency. Furthermore, Z e and Z o are calculated in order to have a certain bandwidth or phase deviation, and input impedance of coupled transmission line [28] . Several references reported improvement in braodband 90 • phase shifter [29] - [34] . Here, it is demonstrated that a simple coupled lines structure could result an 180 • phase shift. For the coupled line, we have [27] ,
In (5) and (6), Z I and ϕ are input impedance and phase difference between ports 1 and 2 respectively. The phase shift is provided between ports 2 and 4 when ports 1 and 3 are excited with the same phase. Therefore, in Fig. 2(a) if θ L = Kθ c , the phase shift is obtained as,
In (8), the phase shift consists of two terms for single and coupled lines. Fig. 2(b) shows φ in (6) for different ρ in terms of electrical length of coupled line. Also, for the single line, phase differences between ports 3 and 4 for K = 1, 3 are depicted. As shown, there is a zone near θ c = 90 • that phase difference between the line with K = 3 and a specific value of ρ is about 90 degrees. This is the mechanism of 90 • Schiffman phase shifter. However, it can be seen that there is a zone near θ c = 180 • that phase difference between the line with K = 1 and a specific value of ρ is almost 180 degrees. These phase shifts described by (4) are presented in Fig. 3 for K = 3 and K = 1 which shows the phase difference responses for 90 • and 180 • phase shifters, respectively. As discussed before, for K = 3, we have 90 • Schiffman phase shifter [27] shown in Fig. 3(a) that is based on (8) . Furthermore, for K = 1, a phase shift of 180 • can be obtained (θ c = θ L = λ 0 /2). As shown, there is always a value of ρ that gives a certain phase deviation. It is quite evident that if we want a small phase deviation (more accurate phase shifter), the bandwidth will be lower.
The typical value of ρ for 90 • phase shift depicted in Fig. 3(a) is lower than that of 180 • phase shift proposed (Fig. 3(b) ). The relatively high ρ for proposed 180 • Schiffman phase shifter makes it hard to realize, because due to tight coupling, the gap between coupled lines becomes very small and requires a fairly expensive technology to fabricate. One solution is to select a thicker substrate that makes the gap bigger, but it affects the performance of other circuits in the system. Alternative solution is to use multi-section coupled lines instead of one coupled line that their total length is the length of the original coupled line (θ c = λ 0 /2) [34] . This not only gives more freedom for the design, but also provides wider bandwidth. Furthermore, this approach allows the designer to select a realizable gap between coupled lines. Because of using different length and width for transmission lines, it could match the impedance as well to make the coupler broadband. Fig. 4(a) . Because of the manufacturing limitation, the gap between coupled lines is selected to be 0.2 mm. Port 1 is the input port and ports 2 and 3 are the output ports which have the same amplitude and 180 • phase shift at operating bandwidth. The simulated matching and isolation responses have been depicted in Fig. 4(b) which prove the wideband nature of the proposed coupler. As shown in Fig. 4(c) , the transmission responses about 3.4±0.2 dB have been obtained for two output ports in the desired bandwidth which are satisfactory. Furthermore, a phase difference of almost 180±10 degrees has been achieved for 4-6 GHz range. This accuracy is enough for the antenna array; however, it can be improved by more optimization or making the gap between coupled lines smaller.
B. TWO PORT ANTENNA DESIGN AND DISCUSSION
In the proposed antenna with 4 elements, the approximate array factor will be,
The length of transmission line between antennas I and II is selected such that the delay α 2 = 2π. To have the maximum gain at broadside (θ = 0), the maximum value of AF is obtained for S 21 = 0.707. However, it was expected because to have maximum gain, the array has to be a uniform array and all elements must have the same weight (amplitude and phase).
To reduce side lobe level, the distribution of amplitude of the elements has to follow Dolph-Chebyshev array. To have a side lobe level of −15 dB for a 4 element array antenna, the amplitude distribution of the elements are calculated to be 1.33 for Antennas II and 1 for antenna I in the configuration proposed in Fig. 1 . This means that if the radiators are the same, antenna II and antenna I propagate 64% and 36% of the whole power based on proposed configuration which corresponds to transmission response of almost −4.5 dB for antenna II. In this case, the maximum gain decreases. As a conclusion, when the transmission response is near −3 dB, the peak gain is maximum although the side lobe level is not minimum and when it is almost −4.5 dB, the side lobe level is about −15 dB which is very good for 4 element array antenna. For other values of transmission response between −3 to −4.5 dB, there is a trade-off between the peak gain and side lobe level. The goal would be to keep the transmission response of the antenna II between almost −3 to −4.5 dB in the desired bandwidth to have an array antenna with a low side lobe level and the highest possible gain, while it is designed to be wideband.
Due to broadband characteristics of the aperture-coupled antenna, it is employed for the antennas elements. Besides, aperture-coupled antennas provide more degree of freedom to optimize at the expense of a small complication in the design. For designing antenna II, three factors have to be considered. First, the patch configuration has to be designed appropriately in order to make a good radiation pattern and sufficient gain. The configuration of patch also affects reflection coefficient which needs to be accounted for. Second, the shape of feed line is an important issue in the design because it mainly controls the reflection and transmission responses of antenna II. Last, the slot created in ground plane should be resonant in center frequency.
The proposed configuration for antenna II is shown in Fig. 5 . As indicated, it is an aperture-coupled antenna consisted of the input and output port feed lines, the ring slot, and VOLUME 6, 2018 the ring patch. A portion of the power entered from input feed line is coupled to the patch through ring slot and propagates and the rest is coupled to output feed line to reach antenna I. The transmission response, reflection coefficient response and radiation characteristics of the proposed antenna array can be controlled by the shape and dimensions of the feed lines, slot, and patch.
In the proposed structure for antenna II as shown in Fig. 5 , a ring slot with the inner radius of 8 mm and outer radius of 12.8 mm is designed to make a resonance around 5 GHz. This three-layer antenna consists of a FR4 substrate with relative permittivity of 4.4 and thickness of 1.57 mm as top layer, and a Rogers RT/Duroid 5880 substrate (we used the same substrate for the coupler ) with relative permittivity of 2.2 and thickness of 1.57 mm as the bottom layer. There is a 7 mm air gap between top and bottom layers. A cross shape feed line is selected to give more degrees of freedom for adjusting the reflection coefficient and the transmission response. A segmented ring patch is designed such that it could provide appropriate radiation pattern and gain.
Two parameters L O and W S of feed line, shown in Fig. 5 , mainly affect the reflection coefficient and the transmission response while R O mostly adjusts the radiation pattern and the peak gain of antenna II. The effect of L O and W S on :|S 21 | and |S 11 |of antenna II is depicted in Fig. 6 . It is observed that by adjusting the feed line dimensions, it is possible to obtain a suitable reflection coefficient (|S 11 | < −10 dB) and a desired transmission response (−4.5 dB < |S 21 | < −3 dB) simultaneously. The effect of R O on reflection coefficient, transmission response, and radiation patterns and peak gain is shown in Fig. 7 . It can be seen that for some values of R O , not only the reflection coefficient and transmission response are in the desired range over a wide range of frequencies including the center frequency at 5 GHz, but also the radiation pattern and especially the peak gain improves. Based on optimization of these parameters, the final values are L O = 1.6 mm, W S = 5.2 mm, and R O = 7 mm. For these values, the reflection coefficient is better than −10 dB over 2.4-7.2 GHz and the transmission response is between −3 to −4.8 dB over 3.8-6.1 GHz, as shown in Fig. 7(a) . This variation over the frequency band is acceptable. The peak gain of the antenna is also about 7 dBi at 5 GHz for the optimum values achieved. Fig. 8 depicts the radiation patterns of antenna II which shows the antenna is linearly polarized with a cross-polarization of better than 10 dB in half power beamwidth for both planes.
C. ONE-PORT ANTENNA DESIGN AND DISCUSSION
In this subsection, the design procedure of the antenna I as shown in Fig. 1 is considered. This antenna propagates the rest of the power coming from output port of antenna II. Fig. 9(a) shows the antenna I's configuration. The structure is similar to antenna II with one of the feed lines is removed and R O is reduced to 6.5 mm. Furthermore, to have a better reflection coefficient, two small rectangular patches have been added to the end of feed line as shown in Fig. 9(a) . The reflection coefficient and peak gain of the antenna I are depicted in Fig. 9(b) . It is seen that a peak gain of more than 7 dBi is achieved over the wide frequency range with a reflection coefficient better than −10 dB. Figs. 9(c) and 9(d) show the radiation patterns of antenna I at the center frequency which illustrates a good linear polarization. The simulated cross-polarization level in the half power beamwidth is at least 19 dB below the co-polarization in the E-plane and almost 37 dB below the co-polarization in the H-plane. 
III. MEASUREMENT RESULTS
A prototype of the proposed array antenna has been fabricated as shown in Fig. 10 . In the bottom view, the 180 • coupler VOLUME 6, 2018 and feed lines for one-port and two-port antennas can be seen. Four ring patches are also shown in the top view of the array antenna. The separation between FR4 and RT Doroid substrates is fixed using spacers at the four corners of substrates. The reflection coefficient of the fabricated antenna is measured using an Agilent-8722ES vector network analyzer. The simulated and measured reflection coefficient and peak gain are displayed in Fig. 11(a) which are in agreement. The measured reflection coefficient shows an impedance matching (|S11| < −10 dB) of 97% from 2.7 to 7.8 GHz. The coupling mechanism used in the antenna structures helped to achieve a wideband impedance bandwidth. The measured peak gain at center frequency is about 13.4 dBi as shown in Fig. 10(a) which is considered a relatively high gain for four element array.
A standard far-filed antenna test has been used for the pattern test of the proposed antenna array. As a source antenna, a conventional horn antenna has been employed which was 6 meter away from the antenna array in an anechoic chamber. Figs. 10(b) and 10(c) illustrate the measured E-and H-plane radiation patterns of the array antenna at 4.6 and 5.4 GHz. The major different between these frequencies is the amount of side lobe level (SLL). At the frequency of 4.6 GHz, SLL is about −14 dB; however, this parameter for the frequency of 5.4 GHz is almost −12 dB. For both frequencies in E-and H-planes, the cross-polarizations in the half power beanwidth are at least 24 dB below their co-polarizations which shows the extreme linearity of the fabricated antenna. The measured efficiency of the antenna is better that 87% over the desired frequency band. It is possible to use more elements in the proposed array configuration, if more directive antenna is needed. The proposed antenna design technique can be used in many wideband applications and multi-standard wireless communication systems which needs wide bandwidth.
IV. CONCLUSION
The design procedure and analysis of a wideband seriesfed antenna array has been proposed in detail. For wideband response, each of the antenna elements and 180 • coupler was designed to be wideband. The series feeding network makes the structure compact and efficient. The results showed that the proposed 1×4 antenna array has great characteristics such as high gain and efficiency, very low cross-polarization, relatively low side lobe level, and wide bandwidth. Our proposed technique for designing this antenna array can be extended to design an antenna array with more elements. Also, it is possible to use this antenna array as a sub-array in a larger array antenna. The antenna can be used in many wideband application and multi-standard wireless communication systems.
